Dynamic random dot fusion, stereopsis and stereoacuity were evaluated in 149 healthy, fullterm infants, using both forced-choice preferential looking (FPL) and steady-state visual evoked potential (VEP) protocols. Few infants aged 2-3 months demonstrated fusion or stereopsis in either the FPL or VEP protocol; most infants aged 5 months and older demonstrated fusion and stereopsis in both protocols. Both FPL and VEP stereoacuity approached adult-level (<60 sec) by 6-7 months of age. Both infants and adults exhibited non-monotonic VEP amplitude vs disparity functions with a step change in phase at an intermediate disparity, consistent with separate fine and coarse disparity mechanisms.
INTRODUCTION
The onset ages for fusion and stereopsis in human infants have been studied using both forced-choice preferentiallooking (FPL) and visual evoked potential (VEP) protocols. Although there is general agreement among studies which used various FPL and VEP protocols that the onset of both fusion and stereopsis occurs at about 4 months of age [reviewed in Birch (1993) , but see Skarf et al. (1993) for an exception], there are no previous studies of human infants in which both FPL and VEP protocols have been employed to obtain responses to the same stimulus and in the same infants. Furthermore, there are no electrophysiological data on the development of stereoacuity in human infants.
While one potential outcome of the electrophysiological study of stereoacuity maturation is to confirm or refute the earlier psychophysical data (Birch, 1993) , the electrophysiological protocol also provides unique access to the maturational process. Recent data on adult VEP responses to binocular disparity suggest that the VEP may be useful in accessing coarse and fine stereomechanisms; the amplitude vs disparity function is nonmonotonic and exhibits a step change in phase at approximately 20min arc disparity (Norcia et al., 1985) . The study of coarse and fine systems by means *Retina Foundation of the Southwest, 9900 N. Central Expwy, Suite 400, Dallas, TX 75231, U.S.A. 1"To whom all correspondence should be addressed. [Email ebirch@metronet.com] .
of the VEP may permit examination of the development of coarse and fine subsystems of disparity processing.
METHODS

Subjects
Participants were 149 healthy, fullterm infants who had no family history of eye disease; 101 were enrolled in the fusion study and 54 in the stereoacuity study (six infants participated in both studies at different ages). All participants were recruited by letter from the Newborn Nursery at Margot Perot Women's and Children's Hospital at Presbyterian Medical Center (Dallas, TX, U.S.A.). All infants participated after their parent(s) were fully informed about the nature of the tests and written consent had been obtained. This research protocol conformed to the tenets of the Declaration of Helsinki and was approved by the Institutional Human Experimentation Committees at UT Southwestern Medical Center and Presbyterian Medical Center (Dallas, TX).
Stimuli and test protocols
General. Dynamic random dot patterns were presented on the red and blue channels of Sony Model KX1901 RGB video display monitors with 290 × 380 pixel rasters (29 x 38 cm). Infants wore goggles for dichoptic viewing. Red and blue (rather than green) filters were used in order to reduce crosstalk between monocular views. These filters were matched to the video phosphors as closely as possible, in order to minimize potential monocular cues and maximize monocular pattern contrast. A slight mismatch in the luminance of the red and blue images existed (1.25 log cd/m 2 red channel vs 1321 1322 E. BIRCH and B. PETRIG 1.081ogcd/m 2 blue channel), but did not appear to compromise the thresholds of adults in this protocol which were similar to those obtained in other studies. Monocular pattern contrast was well within the capabilities of even the youngest infants tested, 94% through the red filter and 89% through the blue filter (Norcia, et al., 1990) . Dot patterns had 50% density and were dynamic (randomly replaced at 60 Hz).
Correlograms. The red and blue dot patterns had two states, 100% correlated and anti-correlated, which alternated at 5 rev/sec. For the FPL tests, the correlated vs anti-correlated states alternated on one screen and an uncorrelated pattern was presented on the other. For VEP tests, the two states were alternated on a single monitor at 5 rev/sec. Pixel size at the 50 cm viewing distance was 6.9 min.
Two control conditions were also included in the VEP correlogram protocol. A "snow" condition, in which the dynamic display alternated between two independent 100% correlated dot patterns at 5 rev/sec was used to assess potential electronic artifacts related to the pattern generation hardware. A pattern-reversal black-and-white checkerboard (5 rev/sec) condition was used to verify that VEP acquisition hardware and software was functional. The three test conditions (correlogram, snow and checkerboard) were presented in blocked counterbalanced order. Neither control condition yielded data consistent with artifacts or other malfunctions for any of the 95 infants tested.
Stereograms. The stereograms shared most of the features of the correlated correlograms but contained binocularly disparate areas arranged as alternate crossed and uncrossed horizontal stripes which reversed in depth at 5 rev/sec. The spatial frequency of the cyclopean horizontal stripes was 0.2 c/deg. Available stripe disparities ranged from 0.16 to 64min arc in 0.08 min arc steps. Disparities which are not a multiple of the pixel size may introduce a monocularly detectable vertical "edge" artifact where pixels partially overlap. While it is unknown whether this artifact is sufficient to elicit FPL or VEP responses in infants, it can appear as an edge to adults. Therefore, the "edge" was masked by a jitter of 0-60 sec arc added to each line of the red and blue patterns, regardless of the line's disparity; this jitter was randomized at the frame rate and eliminated the edge percept in adults without disrupting the stereoscopic percept. In all stereotests, stimuli alternated between crossed and uncrossed disparity of equal magnitude so that change in depth was not confounded with a perceptual binocular change in correlation. For the FPL tests, the stereogram alternated in depth at 5 rev/sec on one screen and a dynamic correlated pattern was presented on the other. For steady-state VEP tests, the stereogram stripes alternated in depth at 5 rev/sec on a single monitor. Pixel size at the 86 cm viewing distance was 4 min. All descriptive and inferential statistical analyses of stereoacuity data were conducted after converting raw data (min arc) to a log scale (logMAR).
Forced-choice preferential looking (FPL).
A standard constant stimulus protocol was used (Birch, 1989) ; 24 trials were conducted in each session. Assignment of the correlated random dot pattern or the binocularly disparate stereogram to the left or right screen was made by one of six available balanced pseudo-random orders (Fellows, 1967) . Preference of >75% (P< 0.01) was considered evidence for discrimination.
Visual evoked potential (VEP).
Responses were obtained from an active electrode placed 1 cm above the inion (V1), a reference electrode at 30% of the nasioninion distance (V2), and a ground electrode at the vertex. The potential difference (V2-V1) was amplified (gain = 10,000, -3 dB Bessel filter cutoff at 0.1 and 30 Hz) and digitized on-line at 640 Hz by a PDP-11/73 computer. An observer activated and maintained recording by pressing a foot pedal when the infant was alert and gaze was directed at the monitor. A software artifact rejection algorithm was used to flag VEP responses contaminated by excessive movement. Each trial lasted 800 msec (four reversals). Responses were averaged in four blocks of 25 trials (correlograms) or five blocks of 10 trials (stereograms); i.e., 20 or 8 sec of data per block. The FFT was calculated for each averaged block of trials to obtain amplitude and phase at the reversal rate (second harmonic). Mean amplitude and phase were calculated by vector averaging. Signal reliability was assessed by
Checkerboard
Correlogram Snow the Tcirc2 statistic (Victor & Mast, 1991) , using a P < 0.05 criterion.
Control studies. During pilot testing of the stereoacuity protocol, several control studies were conducted, in order to rule out responses due to potential nonstereoscopic binocular or monocular cues which might be present in the dynamic random dot patterns. A group of 20 infants aged 5-8 months and five adults were tested electrophysiologically and/or psychophysically with several combinations of filters which eliminated the binocular disparity cue: red filters over both eyes, blue filters over both eyes, monocular viewing through the red filter, and monocular viewing through the blue filter. Two to four infants and three adult,; were tested in each of these control conditions psychophysically and electrophysiologically, using a 20 min arc disparate stimulus. In no case did the response reach the statistical criterion for detection. In addition, 11 stereoblind children aged 5-13 yr (6 with manifest constant esotropia of 10 prism diopters or greater and seven with straight eyes or tropia less than 4 prism diopters) were tested in both the dynamic random dot correlogram and stereogram (20 min arc) VEP protocols. None of the VEP responses obtained met the statistical criterion for detection.
RESULTS
Fusion
Ninety-five infants aged 2-8 months completed testing; the ratios of successful to attempted tests were: 40/43 VEP, 45/46 FPL and 10/12 both VEP and FPL (overall success rate = 9,+.6%). Figure 1 shows polar plots of evoked potential amplitude and phase for a 2-monthold infant in response to a contrast-reversing (2.5 Hz) black-and-white checks, a correlogram and random noise (snow). Each vector represents the average of 25 trials and four to eight vectors were obtained for each of the three stimulus conditions. Data from this infant are typical for 2-month-olds, including a large amplitude response to checks and no consistent response to correlograms or snow. Figure 2 shows polar plots of evoked potential amplitude and phase for a 5-month-old infant. Data from this infant are typical for infants over 4 months of age, including a large amplitude response to checks, a smaller amplitude but consistent response to the correlogram, and no response to snow. As shown in Fig.  3 , very few infants under the age of 3 months showed evidence of fusion in either the VEP or FPL protocols. Most infants aged 5 months and older gave strong evidence of fusion in both protocols. No significant difference was found in the prevalence of fusion as a function of age for the VEP and FPL protocols (Kolmogorov-Smirnov test; KD.O5 = 0.20, P > 0.05). Table 1 summarizes data from 10 infants, aged 3-5 months (near the average age of onset), tested on the same day with both VEP and FPL protocols. Results from the two protocols showed 90% concordance between FPL and VEP results (Fisher exact P = 0.033).
Stereopsis and stereoacuity
Eighteen of 20 infants attempted completed FPL testing (success rate = 90.0%). Only 1/6 infants aged 2-3 months passed, 5/6 infants aged 4-5 months passed, and 6/6 infants aged 6-7 months passed an FPL test at 20 min arc disparity. A similar pattern of results was obtained with the VEP protocol. Thirty-one of 34 infants aged 2-7 months (success rate = 91.1%) and five adults completed VEP stereoacuity testing. Only 3/8 infants aged 2-3 months passed, 8/10 infants aged 4-5 months passed, and 13/13 infants aged 6-7 months passed a VEP test at 30 min arc disparity. No significant difference was found in the prevalence of stereopsis as a function of age for the VEP and FPL protocols (Kolmogorov-Smirnov test; KD.O5 = 0.20, P > 0.05). Polar plots of evoked potential amplitude and phase in response to stereograms are shown for an adult in Fig. 4 . Each vector represents the average of 10 trials and 5-10 vectors were obtained for each disparity. Two features, common to all of the data obtained from adults, can be seen. First, reliable responses can be recorded to disparities as small as 4 min arc (the range for all five adults was 1-4 min arc for the smallest disparity which elicited a reliable VEP). Second, there is a difference in the phase of responses obtained for large (24 and 16 min arc) and small (8 and 4 min arc) disparities. Figure 5 shows the vector average amplitude and phase for an adult for each of the 22 disparities tested. Several features of this typical adult function are apparent. First, the adult VEP amplitude vs disparity function was nonmonotonic, with two amplitude peaks. A "dip" in amplitude occurred at approx. 20min arc (mean = 16 + 5 min arc). Second, the response at the dip did not meet the 2 Tcirc statistical criterion for reliability (P > 0.05) in 4/5 adults. Third, a step change in phase (88 -4-44 deg) occurred between the fine and coarse disparity ranges. Because it was not possible to use the full disparity protocol (22 disparities) to test infants, a more practical protocol of five to seven disparities was adopted. The subset was chosen to include both coarse and fine disparities in an attempt to detect a step change in phase whenever present and to obtain sufficient near-threshold data to extrapolate stereoacuity with reasonable accuracy. All infants were tested with 32, 20, 8, 2 and 1 min arc disparity. When co-operation permitted, two or four additional disparities were included in the protocol (64 and 0.5 min; 48 and 0.25 min). This protocol revealed amplitude vs disparity functions which were similar to those of adults by 6 months of age. Figure 6 shows data from a typical 7-month-old infant. Each of the four features of the adult function can also be seen here. The VEP amplitude vs disparity function was non-monotonic, with two amplitude peaks and a step change in phase, in 0% of 2-4-month-olds, 20% of 5-month-olds, and 85% of 6-7-month-olds. For those infants who exhibited nonmonotonic functions, the "dip" in amplitude occurred at a mean of 15 -4-6 min arc. The response at the dip did not meet the 2
Tcirc statistical criterion for reliability (P < 0.05) in 9 of 11 infants. The mean step change in phase between the fine and coarse disparity ranges was 99 -4-59 deg.
Regardless of whether the function had a single phase over a relatively coarse disparity range or had two distinct phases for the coarse and fine disparity ranges, stereoacuities were obtained by extrapolation of a linear fit over the near-threshold disparity range of the function to zero microvolts. Stereoacuities are summarized for all 31 infants in Fig. 7 . Two-month-olds had non-detectable responses to even the largest disparity tested (32 min arc) while 3-month-olds were borderline with some infants responding to large disparities. The 4-month age group had the greatest variabiliity, ranging from non-detectable to "adult-like" (<1 min arc) stereoacuity. During months 5-7, "adult-like" VEP stereoacuity was achieved by most infants.
DISCUSSION
The maturational time course for fusion and for stereopsis obtained in the present study agree well with earlier data in the literature using stimuli with diverse spatiotemporal characteristics, including static high contrast stripe or checkerboard patterns, static random dot patterns, and dynamic random dot patterns, and using diverse behavioral, electrophysiological and eye movement response protoco]Ls [reviewed in Birch (1993) ]. Moreover, the present study demonstrates high concordance between behavioral and electrophysiological responses when the same infants are tested with both protocols. Taken together, the results argue strongly against any attempt to attribute the measured onset age for fusion and stereopsis to non-stereoscopic visual maturation or to idiosyncrasies present in protocols of the individual studies.
The development of dynamic random dot stereoacuity has not been measured previously. The data reported here are consistent with previously published FPL stereoacuity data obtained with high contrast line stereograms (Birch et al., 1982) . That is, no 2-month-olds demonstrated stereopsis, 80% of infants aged 4-5 months had consistent VEP responses to disparity, and stereoacuity approached adult levels by 6-7 months of age [median at 6-7 months = -0.071ogMAR (51 sec arc); median adult = -0.11 logMAR (47 sec arc)]. The concordance between the stereoacuities obtained in the dynamic random dot VEP protocol and those obtained with a static line stereograms FPL protocol supports the validity of the stereoacuity measurements.
The amplitude vs binocular disparity functions obtained from adults in the present study replicate the data of Norcia et aL (1985) . Specifically, both data sets show a linear relationship between amplitude and log disparity up to approx. 15 min arc disparity. Both data sets show a dip in amplitude with a loss of phase coherence at an intermediate disparity. Both data sets show a step change in phase of less than 180 deg between the coarse and fine disparity ranges. Norcia et al. (1985) have argued that the two distinct ranges of VEP response to disparity may correspond to two independent disparity mechanisms, one responsive to coarse disparities and one responsive to fine disparities. Separate populations of neurons sensitive to coarse and fine disparity ranges have been described in the striate cortex of the alert rhesus monkey (Poggio & Fischer, 1977) and the -t-20 min arc range of the fine disparity system roughly corresponds to the fine disparity range found in the human VEP data.
The study of coarse and fine stereomechanisms in the infant via the VEP may provide an avenue for directly exploring the relation between nasal-temporal asymmetries in motion processing and stereoacuity during normal and abnormal development. To date, the interdependence of stereopsis and nasal-temporal asymmetries in motion processing during development is supported by correlational evidence. Both stereoacuity and the nasal bias in motion processing undergo rapid maturation during the first 6-8 months of life, followed by a slower-paced continuation of development during the next 18-30 months (Birch, 1993; Hainline, 1993) . Both the symme- The correlational evidence for the co-development of stereopsis and motion sensitivity in both normal and abnormal maturation of the human visual system is supported by the links between disparity and motion sensitivity which have been described in monkey striate cortex and in extrastriate areas. In layer 4c of striate cortex, there is a segregation into nasal and temporal ocular dominance columns with a neonatal nasal bias (Hubel & Weisel, 1972 (Poggio & Fisher, 1977; Poggio & Talbot, 1981) . Thus, at least a partial overlap in the populations of cells which underlie motion sensitivity and retinal disparity sensitivity is plausible, a neonatal nasal bias in motion sensitivity is present, and the data from MST suggest that this overlap occurs between the coarse disparity system and direction selectivity.
In conclusion, using both psychophysical and electrophysiological measurement protocols, human infants show an abrupt onset of fusion and stereopsis at 3-5 months of age, followed by rapid development of stereoacuity to "near-adult" level by 6-7 months of age. The amplitude and phase vs disparity function, obtained using the visual evoked potential, contain distinct coarse and fine disparity clusters by 6-7 months of age. The access to coarse and fine stereomechanisms provided by this protocol provides a new avenue for investigating the link between infantile nasal-temporal asymmetries in motion processing and the development of stereopsis.
